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(54) Optical fiber 

(57) An optical fiber (1 0) includes a core region and 
a cladding region surrounding said core region in a cross 
section and having a cross-sectional structure in which 



a plurality of regions constituted by sub mediums (6) are 
arranged in main mediums (1,2,3,4). The refractive in- 
dex of either or both the main mediums and the sub me- 
diums varies in a radial direction. 
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Summary of the Invention 



[0009 The optical fiber having microstructures is provided with various characteristics such as a large effective core 
5 Zdi „ ^I e n T 9 H T ° r "? " ke iP r6SP0nSe t0 the distribution ° f the microstructures in the core region or the 
£ I ™ 9 J. t the characteristics of optical fiber in response to the distribution of microsm^es 

it is necessary that the mean refractive index distribution in cross section can be determined as des™FuThe to 
obtain the characteristics such as the large dispersion or the like, it is necessary to SST^^ii^£ of 
he mean refractive index which can be realized. However, the prior art has fo.Lng problems ' 
[0010] To realize the mean refractive index distribution by controlling the void diameter it is necessarv to form a 

whichever method is selected from a method for sealing one end of voids and a method for controlling a furnace 
temperature w,th respect to a plurality of voids having different diameters, it is difficult to realize the state thauS 

drawing and the amount of the change depends on the initial value of the relative void diameter in addition to the h! 
drawing conditions. For example, the surface tension, which decreases the diame te SThe voids fncreais ™ 
S: 9 ;; 6 dac rea se in the di *™ter. In such a conventiona. method, it is necessa j to T^t^ZbZn 
rL I : ^ teT Cr ° SS SeCti ° n ° f the Pref0mi such that the distribution of the void dLerer c oss Son of 
he fiber after fiber drawing becomes a gKren distribution. Such a design requires knowle ige on the dependent o 

r h Urther ' !! thOU9h mean refraCtiVe ind6X ° f the re 9' on includin 9 a "^restructure is a function of the ratio 
to prepare a silica capillary tube which has an extremely large or small ratio between the inner diameter and he out 11 
raho of the inner diameter to the outer diameter of the silica capillary tube is large, the strength of the caoLTtube is 

U > ToZ JSS' f0ml V ° idS With ° Ut 9enera,i " 9 rUptUreS " ^«her. when the fa i * tn E£d£££ 

; * d r ter ,S Sma "' 8 fme b0rin9 instrume "t kernes necessary and this pushes up the fabrication cost 
[0012 Further, ,n controlling the void diameter, it is necessary to prepare a plurality of bonng irStmmlnte corre 

so t^z^^^v?" r this becomes a cause °' the ,ncrease ° ; * 

[0013] Further in performing the fusion splice of the optical fiber having microstructures with another optical fiber 

Ind hi? P ° SS H ^ that „ in Vidnity ° f a " Snd SUrface 0f the °P tical fiber ' the material compos* tfZSSESi 
and hence, voids are collapsed. Since the difference in the effective refractive index between the core regSn an the 
cladding region decreases at portions where the voids are collapsed and hence, the light conftnemenUn o th^ 

increased" H9ht * ^ ^ * ** COre regi ° n S ° that ,h& fUSi °" ^^ ^^ 

[0014] The present invention has been made in view of the above circumstances to provide an ootical fiber whi^h 

s:::s: on of opticai ,iberc and the sp,ice ^ — — - - ^ ™T« z:: 

efVrL In h ChieV l the above ' in an °P tical fibe| - ^ding to the present invention where the optical fiber consisting 

,ndl« h « \ k 9 SU ; r0Unding the C0r6 ' and a P' uralit y of re 9 ions constituted by sub mediums having rece ive 
ndices differentfromthe refractive indices of the main mediums which constituted core and the clS 

raSTr^ 

for°lxLn 1 ip e ^fH me ? m '1 mad6 °' 8 matenal WhiCh Can consl ^te the optical fiber by itself such as silica glass 
med ' Um ' S madS °' 3 ma,eria ' SUCh 3S 938 ° r l,qUid - for examble ' wblch ca -ot conjure the 
[0017] In the optical fiber having such structures, it becomes possible to adjust the mean refractive index of th*. 
3^ T ^ T °' 3 materia ' h3Vin9 * ^ ^ive index as the main meZ JETS ^Tum 2 
Z 1? T '1 th t reg '° n Can 66 inCreaSed ' Whi,e With the use ° f ma terial having a low refract^ ind^x as 

m?dium S 9 hV PreS T T' ^ 8 PTOPer d6Si9n ° f the refractive indices of main mediums a nd ^ the sub 

ZlZ: «l k '^^ distribu,ion in cross s ^ion of the optica, fiber can be formed without alstlnq 

the areas of the sub mediums per unit cross-sectional area. aojusting 
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efrl!L^J , t ,? PeS ? sub - medium ^gions are liable to change unintentionally during the fiber drawing the 
££ZT? T ^ ! d ' y ChangG - Accordin 9 | y. b V ad °P«ng the constitution of the present invemfon ft 

becomes easy to reahze a desired mean refractive index distribution in cross section of the drawn optical Ze^o^r^ 

Z T» P T t k ^ m Pri ° r art Whfch C ° n,r0,S thS V0id diamete *. ^ increase the mean refracft^ ^'ndTthe 
void diameters must be decreased. However, since there exists a limit in terms of processing technique wi^ ^ respect 



3 



BNSDOCIO: <EP. 



112BieSA2_l_> 



EP 1 128 195 A2 

to the decreasing of the void diameters, the range of the mean refractive index which can be realized has been narrow. 
On the other hand, according to the present invention, the mean refractive index can be decreased by decreasing at 
least one of material refractive indices of the main mediums and the sub mediums, the mean refractive index can be 
increased by increasing those material refractive index whereby the range of the mean refractive index that can be 

5 realized can be broadened. 

[0019] Further, by properly forming the distribution of refractive indices of the main mediums and the sub mediums 
in the radial direction, even when the voids are collapsed at the time of a fusion splice, due to the fusion of the material 
in the vicinity of an end surface of the optical fiber, the optical fiber can maintain the optical waveguiding characteristics. 
Accordingly, compared with a case where the refractive indices of the main medium and the sub medium are uniform 

10 in the radial direction as in the case of the prior art, it becomes possible to reduce the fusion splice loss so that the 
splicing operation is facilitated. 

[0020] It is preferable that the refractive index of the main medium consisting the cladding region is changed in the 
redial direction. Further, it is preferable that the cross-sectional areas of the sub-medium regions are substantially 
uniform in the same transverse cross section. Due to such a constitution, it becomes possible to change the mean 
is refractive index by using capillary tubes which have the equal ratio of an inner diameter and an outer diameter and 
different glass refractive indices in place of changing the mean refractive index by changing the ratio between an inner 
diameter and an outer diameter of the silica capillary tubes and hence, the requirement as to the number of the kinds 
of boring instruments can be alleviated and the fabrication cost can be reduced. 

[0021] It is preferable that the arrangement of sub-medium regions is substantially equivalent to a hexagonal lattice 
20 or a quadratic lattice. This is because the fabrication of the optical fiber having such a structure is facilitated due to this 
arrangement and because particularly with respect to the quadratic lattice, the mean refractive index distribution can 
be easily set such that the mean refractive index distribution in cross section becomes substantially symmetric about 
the rotation of 90°. 

25 Brief Description of the Drawings 

[0022] 

Fig. 1 is a view showing a center part of a cross section of a basic mode of an optical fiber according to the present 
30 invention; 

Fig. 2 is a cross-sectional view showing a unit cell of the optical fiber; 

Fig. 3 to Fig. 7 are views respectively showing comparisons of calculated results of the waveguide dispersions 
and the effective core areas with respect to examples 1 to 7 and a comparison example, wherein Fig. 3 shows the 
comparison between the comparison example and the example 1 ; Fig . 4 shows the comparison between the 
35 comparison example and the example 2; Fig. 5 shows the comparison between the comparison example and the 

example 3; Fig. 6 shows the comparison between the example 2 and the example 4; and Fig. 7 shows the com- 
parison between the example 5 and the example 6; 

Fig. 8 is a cross-sectional view showing the structure of a unit cell of another embodiment of the optical fiber of 
the present invention; 

40 Fig. 9 is a center part of a cross-sectional view of showing a mode of an optical fiber in which these unit cells are 

arranged; and 

Fig. 10 is a cross-sectional view of a conventionally known optical fiber having microstructures. 
Description of Preferred Embodiments 

[0023] Embodiments of the present Invention are explained In conjunction with attached drawings hereinafter. To 
facilitate the comprehension of the explanation, the same reference numerals denote the same parts, where possible, 
throughout the drawings, and a repeated explanation will be omitted. Further, the size ratio of respective drawings 
does not necessarily agree with the size ratio of the explanation of the Preferred Embodiments of the Invention. 

so [0024] Fig. 1 is a transverse cross-sectional view showing a basic configuration of an optical fiber 10 according to 
the present invention and Fig. 2 is a view showing a unit cell 11 of the optical fiber 1 0. In this optical fiber 1 0, the cross 
section is divided into a first region 1, a second region 2 which surrounds the first region 1, a third region 3 which 
surrounds the second region 2 and a fourth region 4 which surrounds the third region 3 by a dotted line shown in Fig. 
1 . Although respective regions are made of silica glass 5 which constitutes a main medium and a plurality of voids 6 

55 which constitute a sub medium, the refractive index of the silica glass 5 is not necessarily equal among respective 
regions. The refractive index of the silica glass 5 is set to n 1 in the first region 1 , n 2 in the second region 2, n 3 in the 
third region 3 and n 4 in the fourth region 4. 

[0025] The voids 6 are approximately circular in shape and their diameter d is all set to the equal value of d = 0.4L 
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where L is a distance (pitch) between adjacent voids. As shown in Fiq 1 these voids 6 ar* arra nn 0 H ™ 
of hexagonal lattices. AKhough no voids 6 are present in the first region 1 in 

to adopt a mode m which the voids 6 are present in the first region 1. Further, here, the dMw£?£ 

the density of the voids 6 (the number of the voids 6 per unit cross-sectional area) are unSS Z the cross^fon 

However, the present invention is not iimited to this and it may be possible to adopt a struck reZ^su^a^, 

s n v dia r erc or a s,ructure which suitabiy chan ^ es *• *A Jsss^i^'^ 

[0026] In the explanation discussed hereinafter, a concept called "mean refractive index" is used as a re^active^ 
h eZ TnTsuZl^fo^T 5 T 3Ct rr ^ IS d6fined USin9 an a PP^-tion, the Z^SSTS 



55 



-{2) 



SS? ^ iS ' th f. mea " refractive index is the weighted RMS (Root Mean Square) of the refractive indices of re 

eSTn EST* here ' ni is the refrac,ive index of the j - th medium and '< is the ite !!2S^S?SX 



(3) 



S ^o^lnt • K mSan refraCtiVe ' ndeX ° f 6aCh r6gi0n is ""ambiguously determined. 

c?oss section VSZ^ST " k ^ find ' ng that the f0nmati0n ° f the mean refractive in ^x distribution in 
the ™2? Z 2 „ P f ?f be alS ° rea "' 2ed by the contro! of the refra ctive index of the material in addition to 
by th s 2 a ^ slS. 0 ^^ ^ r" T ^ * ^ flb " r ^ -structures which 
Z replacTna t5? sLj V , !■ ^ ' nd6X ° f S " iCa 9 ' aSS Which cons «"tes the main medium is elevated 
opSf^^ with G eC 2 in a partial region of the 

[0030] Thus, when the refractive index of the silica glass 5 is increased, the mean refractive index of the unit cell 11 

Z ce, 1 1 Z S :tT o 8 r t fraCtiVe ind6X ° f the SMica 9,ass 5 is decrease * ™™ ^Je index of hi 

i C n 6 ' 11 C f n b t e dec ^ased. On the other hand, the mean refractive index of the unit cell 11 may be adjusted bv 

IT J ""J 6 " d,Stribution in the cross *~tion of the drawn optical fiber compared wS the P^art 

™ JEn t T ' , range ° f the mea " refraC,IVe lndex which can be realteed "as been narrow To the c?n3 

caomarJ lib. Z * ° f T 9 inStruments which become necessary at the time of processing the^.ica 

capillary tubes can be minimized and the fabrication cost can be reduced 
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direction as In the case of the prior art, it becomes possible to reduce the fusion splice loss. 

[0034] The inventors have evaluated six kinds of optical fibers which differ in the refractive index distribution of silica 
glass 5 in the radial direction (hereinafter called "examples 1 to 6 a ) and have compared them with a conventional optical 
fiber having a uniform refractive index of silica glass 5(hereinafter called "comparison example") with respect to their 

5 characteristics. A result of the comparison is reported hereinafter. 

[0035] In both of the optical fibers of these examples 1 to 6 and the optical fiber of the comparison example, the unit 
cells are arranged in the radial direction in nine layers. The examples 5, 6 are different from the examples 1 to 4 and 
the comparison example in that the first region 1 which constitutes the center is not provided with voids 6 therein with 
respect to the examples 1 to 4 and the comparison example, the first region is also provided with voids 6 having the 

to same shape as those of other regions in the example 5, 6. The distribution of the refractive index n k of the silica glass 
5 in the k-th region from the center in each example is set as shown in Table 1 . In the comparison example, the refractive 
indices of respective regions are all set to the refractive index 1 .444 of the pure silica glass. 



Table 1 : 



75 



20 



25 



Refractive index distribution of silica glass in respective examples 


example 




n 2 


n 3 


n 4 to n 9 


1 


1.444 


1.459 


1.444 


1.444 


2 


1.444 


1.427 


1.444 


1.444 


3 


1.444 


1.444 


1.450 


1.444 


4 


1.444 


1.427 


1.450 


1.444 


5 


1.472 


1.472 


1.444 


1.444 


6 


1.444 


1.472 


1.444 


1.444 



[0036] Thus, to increase the refractive indices of the silica glass 5 greater than 1 .444, the silica glass may be doped 
with Ge0 2 , for example, while to decrease the refractive indices of the silica glass 5 lower than 1 .444, the silica glass 
may be doped with an F element, for example. 

[0037] The mean refractive index n avg k of the unit cell shown in Fig. 2 is defined by a following equation. Here, the 
refractive index of the void 6 portion is set to n^ie- 
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[0038] Since each region of each example is a set of the unit cells having the equal structures, the mean refractive 
index of each region is equal to the mean refractive index of the unit cell. Since the refractive index n^ie equals 1 when 
air is filled in the inside of the void 6, the mean refractive index n avg k of each region in each example and the comparison 
example can be expressed as described in Table 2. 



Table 2: 
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Mean refractive index distribution of examples and comparison example 



example 


n avg,1 


n avg,2 


n avg,3 


n avg,4 " n avg,9 


comparison 


1.444 


1.388 


1.388 


1.388 


example 1 


1.444 


1.402 


1.388 


1.388 


example 2 


1.444 


1.373 


1.388 


1.388 


example 3 


1.444 


1.388 


1.394 


1.388 


example 4 


1.444 


1.373 


1.394 


1.388 


example 5 


1.413 


1.413 


1 .388 


1.388 


example 6 


1.388 


1.413 


1.388 


1.388 
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[0039] Here, the comparison example 1 is an optical fiber having a so-called homogeneous claddinq structure wher» 
the f.rst reg.on ,s set as the core regions and the second to ninth regions are set as the cladding batons an the mean 
refract.ve .ndex m the cladding region is substantially uniform in the radial direction To the cortra* vTh rlsn^t 
the o P t,ca. fibers of the examples I to 4, although the first region functions as the ^^^X'SiSESS 

iron in tne examples 5 and 6, the first and second regions function as the core region and the third to ninth reaion* 

arc^r::^ 

15 fJfl 11 Thea * amp ' e 1 has the lar 9e negative waveguide dispersion compared with the comparison example Further 
the example 1 has the small increment pace d(A efl )/dX of the effective core area to wave.enqTcom^d^ ftS ™ 

since fh. "9 htc t onf,ne H men V ot n^°^te high and hence, thebending loss is small. Further,* the compa^son example 
since the refractive index of silica glass which constitutes the main medium is uniform in the radial SXSton when^ 
vo.ds are collapsed at the time of fusing, the optical guide characteristics is lost. However ^^^^^^ 

zr*:™rniTz ed since r main medium ° f thesecon d regi ° n has the "-^trs^^TtS 

ma n mediums of the surrounding regions, the light is confined in the second region According th 6 ^ n Zi 
realize the low fusion splice loss compared with the comparison examp.e. The 5ta the opSfiber' o thf a ZClIrS 

zitt: : mean T ctive index of * e second re9ion — pa-d with the ^s^z^ss^z 

[0042] Fig. 4 shows a comparison of calculated results of the waveguide dispersion and the effective core area with 

the SP r e e? n l T^™" 2 ta both of the comparison l^Z tZ ZZ^ 2 

the respective d.mens.ons are determined such that the waveguide dispersion D at the wa velenoth o^S nm 

™ l tarL , sc. 7h " pi,ch L of the comparteon examp,e is set to l = 1 ^ z 

KwalllwSL 2 ^ "T r n69atiVe WaV69Uide diSperci ° n S,0pe ^9 than the comparison example That 
S 2?£ ? Pe Sw9 IS 561 10 S »9 - -°- 23 P s/nm2 /«m with respect to the comparison example and 
as f W ? c Vn P s/nm2/kr " w» respectto the example 2. Since the material dispersion of the silica glass at the waTe tenrlh 
* of laonm . 22 ps/nm/km and the slope of the silica glass at the wavelength of 1 550nm fs 0 0 p ISSS? 2 
approximate calculation, the chromatic dispersion of the example 2 become? -58 ps/nnVkm and fth Sope^Ttne ex 

- 5 P 9 x lXmV^ a ror km th ACC h° rdin9,y! rati ° ° f the S, ° Pe t0 ,he disperS '° n value belmes nm - 

«,„'L to * chromatic dispersion, the slope and the ratio of the slope to the dispersion wfth 

respec to the comparison example, they respectively become -58 ps/nm/km, -0.1 7 psW/km and-2 tlx 0 wi 
<* Assum.ng that the typical values of the chromatic dispersion, the slope and the ratio betw^enThe stL and the H ic 

fo-Wi th a e S f DSF (N ° n " Zer ° DiSPerSi ° n Shifted Rber) 9re reSpectivel ^ 5 P^^oT^XT^tx 
ln« £l; tbe J° Pe com P ensatlon for compensating for the dispersion of the NZDSF respectively becomes 24 •/ 

the loir reSPeCt 10 Com P arison exam P |e example 2. Here, the s.ope compensaS rate te a ratio of 

Lnd £?2 2ST ,n rat '° ° f ne9atlVe diSP6rSi0n " ber t0 the ^'ope/dispersion ratio of the posi ve SpersloT f b e 
band and hence STTT appr ° acneS 100 % ' dlspersio " can be compensated in a broad e wav elengj, 
band and hence, the broader transmission band can be realized. Accordingly, it is appreciated that the examl S 

SSST Fu^ 5 ^ d f P6rSi0n C ° mpensation fber ° f NZDSF than the comparison example ' * * ,S 

[0044] Further, at a long wavelength greater than the wavelength of 1550 nm the examole 2 exhibit* th» lam 

and h.„c. is sum^nny, s ™,. TOs S beeause wal m . TO . n re(raM| „ e inaex ^ ~ ^» » • -J* « 

ssrssssssr roB,lon °' 90 da9,ees s,nc * m ° mM - bire ~ - -* 

100451 That is. comp.,ed Mh the optical «bar having tha homogaaous claddlag sttuctara. by aacreaslng tha otaan 
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refractive index of the second region, the large chromatic dispersion to negative and the large chromatic dispersion 
slope to negative can be realized and hence, it becomes possible to obtain the characteristics suitable forthe dispersion 
compensation of the NZDSF. Further, by designing the optical fiber such that the mean refractive index distribution in 
cross section becomes substantially unchanged to the rotation of 90 degrees, the mode birefringence and the polari- 
zation mode dispersion can be reduced so that the characteristics suitable for the optical communication of a high bit 
rate can be obtained. 

[0046] Fig. 5 shows a comparison of calculated results of the waveguide dispersion and the effective core area with 
respect to the comparison example and the example 3. In both of the comparison example and the example 3, respec- 
tive dimensions are determined such that the effective core area at the wavelength of 1 550 nm becomes A^ =10 
ujti 2 . The pitch L is set to L = 1 .32 u.m with respect to the comparison example and L = 1 .51 urn with respect to the 
example 3. 

[0047] The example 3 has the smaller increment pace dA^dX of the effective core area A eff to wavelength at the 
wavelength of 1 550 nm than the comparison example. The fact that the increment pace of the effective core area 
to wavelength is small means that the sensitivity to the fluctuation of the structural parameters is small and the degree 
of light confinement to the core is favorable and further the bending loss is small. Further, the fact that the bending 
loss is small means that the larger effective core area A^ can be realized provided that the bending loss is equal. 
[0048] Accordingly, it has been confirmed that by elevating the mean refractive index of the third region compared 
with the optical fiber having the homogeneous cladding structure, the large effective core area and the low bending 
loss can be realized. 

[0049] Fig. 6 shows a comparison of calculated results of the waveguide dispersion and the effective core area with 
respect to the examples 2 and 4. Here, in both examples 2 and 4, respective dimensions are determined such that the 
waveguide dispersion D wg at the wavelength of 1550 nm becomes D wg = -80 ps/nm/km. The pitch L is set to L = 1 .73 
jam with respect to the example 2 and L = 1 .76 urn with respect to the example 4. 

[0050] The example 4 has the larger effective core area A eff at the wavelength of 1 550 nm than the example 2. That 
is, it has been confirmed that by decreasing the mean refractive index of the second region compared with the optical 
fiber having the homogeneous cladding structure and further by increasing the mean refractive index of the third region, 
the low bending loss can be realized while ensuring the large waveguide dispersion to negative. 
[0051] Fig. 7 shows a comparison of calculated results of the waveguide dispersion and the effective core area with 
respect to the examples 5 and 6. In both of the examples 5 and 6, respective dimensions are determined such that 
the higher mode, which is denoted by "(H) u in the legend of the figure, is cut off in the vicinity of the wavelength of 1 550 
nm. The pitch L is set to L = 1 .60 u.m with respect to the example 5 and L = 1 .71 p,m with respect to the example 6. 
[0052] Although the example 5 corresponds to the homogeneous cladding structure, the example 6 has the large 
effective core area A^ compared with the example 5. To compare them at the wavelength of 1550 nm, the effective 
core area A eff is 16 um 2 with respect to the example 5 while the effective core area A eff is 24 \im 2 with respect to the 
example 6. 

[0053] Accordingly, it has been confirmed that by decreasing the mean refractive index of the center region in the 
inside of the core region in the homogeneous cladding structure, the large effective core area can be obtained. 
[0054] In the above-mentioned explanation, although the example in which the cross section of each unit cell 11 has 
the hexagonal structure and the cells 1 1 are arranged in a hexagonal lattice pattern, the cross section of each unit cell 
may take a square structure as shown in Fig. 8 or may be arranged in a square lattice pattern as shown in Fig. 9, 
Further, the cells may adopt various other arrangements including a staggered pattern. 



Claims 

1 . An optical fiber consisting of a core and a cladding surrounding the core, and a plurality of regions constituted by 
sub mediums having refractive indices different from the refractive indices of the main mediums which constitute 
said core and said cladding are arranged in cross section, 

characterized in that at least one of refractive indices of said main mediums and said sub mediums are 
changed in a radial direction. 

2. An optical fiber according to claim 1 , wherein the refractive index of said main medium constituting said cladding 
region is changed in a radial direction. 

3. An optical fiber according to claim 2, wherein the arrangement of said regions constituted by said sub mediums is 
substantially equivalent to a hexagonal lattice or a quadratic lattice. 

4. An optical fiber according to claim 2, wherein the cross-sectional areas of said regions constituted by said sub 
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mediums are substantially uniform in the same transverse cross section. 
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Fig. 5 
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